The heat increment ( HI ) of feeding, which is the increased heat production following consumption of food by an animal, accounts for as much as 30% of the ingested metabolizable energy (ME) in mammals and birds. The purpose of these experiments was to measure the HI asso ciated with the feeding of a complete diet and purified fat, protein, and carbohydrate to salmonids. Measured amounts were fed and the heat pro duction was measured by direct calorimetry. Increased heat production was observed about 30 minutes after feeding and remained elevated for 1 to 5 hours, depending on the amount and type of material fed. The HI of protein was much lower with fish than with mammals and amounted to <5% of the ingested ME. The Hi's of carbohydrate and protein were not significantly different from each other but both were higher than fat. The HI, when complete diets were fed, was <3% of the ME. The net energy of protein is higher for fish than for birds or mammals. A major part of the superior energetic efficiency of fish is due to the low energy cost of protein metabolism.
drate from 6% to 15% (2, 3) . However, corvaiis. 1025 sumption methods. Because fish excrete ammonia as the nitrogen excretion product of protein metabolism (10) , it is question able that the oxy-calorific equivalents com monly used for determining metabolic rate in urea and uric acid-excreting homeotherms are applicable to fish (11) . Never theless, values obtained with mammals often have been used for fish. Weatherly, in a recent review (12) , stated that the magnitude of the SDA4 depends upon the quality and quantity of food and is much less for herbivorous fish than for omni vorous or carnivorous fish consuming diets with equivalent energy. He reported that values for SDA vary greatly and approach 30%, as a maximum, of the gross energy of the ration.
The primary waste product of protein catabolism in all animals is ammonia which possesses no biological energy value and must be rapidly excreted or converted to less toxic compounds. Terrestial homeotherms, at considerable energy cost, convert ammonia to urea and uric acid which addi tionally must be concentrated and excreted by the kidneys. The theoretical energy cost of synthesis of urea and uric acid is 88.4 and 132.6 kcal/mole, respectively (13), with no consideration given to urea re cycling which is reported to occur to an extent of 15% to 30% in mammals (14) . There is an additional energy cost result ing from the concentration and excretion of nitrogenous waste products, but no wellaccepted quantitative values for the energy cost of urea or uric acid concentration and excretion by the kidney have been estab lished (11) .
About 85% of the waste nitrogen is ex creted in freshwater fishes as ammonia (15) . The ammonia is excreted down a concentration gradient from blood to water, via the gills, with little or no energy ex penditure ( 10 ) . There is, therefore, little or no expenditure of energy for concentration and excretion of their nitrogenous waste product.
The present study was undertaken to measure by direct calorimetry the HI re sulting from the feeding of purified pro teins, fat, carbohydrate or complete diets to salmonids and to compare the effect that the lower HI of protein has upon the net energy value of protein for fish as con trasted to the net energy value of protein for mammals and birds.
MATERIALS AND METHODS
Rainbow trout (Salmo gairdneri) and At lantic salmon (Salmo salar) fingerlings from the stock colonies of the Tunison Laboratory of Fish Nutrition were used in all experiments. The calorimeter and ex perimental procedures were similar to those described in an earlier report (16) . The complete test diet H-440 5 (17) contained about 50% protein and 4,400 kcal ME/kg measured according to Smith ( 18 ) . Dextrin, soybean oil, casein, and a casein-gelatin mixture (70:30) " were fed to determine the HI associated with feeding purified carbohydrate, fat, and proteins, respec tively.
The dextrin, casein and casein-gelatin mixture were force fed using a glass tube fitted with a rubber tipped plunger. The desired amount of the dry test material was weighed, moistened and placed into a glass tube of suitable size and administered directly into the stomach of the fish. Any food which remained in the tube after feeding was removed, dried, weighed and the sample size was corrected accordingly. Soybean oil was administered using a syringe fitted with a flexible plastic tube. The syringe and attached tube were weighed before and after a feeding. At the end of each run the calorimeter was ex amined for regurgitated feed. If rÃ©gurgita tion occurred, the results were not in cluded and the test was repeated.
Â«Theterm "heat Increment" (HI) will be used In this paper when referring to original data. The terra (s) used by other investigators will be used when referring to their work. 5This diet contained, per KÂ»0 g dry matter, 38 g vitamin free casein, 12 g gelatin, 38 g white dextrin, 6 g corn oil, 3 g cod liver oil, 8 g alpha cellulose, 5 mg thiamln HC1, 20 mg riboflavln, 5 mg pyridoxine HC1, 500 mg chollne chloride, 75 mg nicotinic acid, 50 mg calcium pantothenate, 200 mg Inositol, 0.5 mg biotin, 1.5 mg folie acid, 100 mg L-ascorbic acid, 0 01 mg vitamin Bia, 4 mg menadione, 40 mg alpha tocopherol, 0.54 g di-calcium phosphate, 1.31 g calcium lactate, 0.12 g ferric citrate, 0.53 g magnesium sulfate, 0 96 g potassium phosphate (dibasic), 0.35 g sodium blphosphate, 0.17 g sodium chloride, 0.6 mg aluminum chloride, 12 mg zinc sulfate, 0.4 mg copper chloride, 3.2 mg manganese sulfate, 0.6 mg potassium iodide, 4.0 mg cobalt chloride. All Ingredients were thoroughly mixed and pelletized.
6Vitamin free casein, gelatin, and white dextrin were obtained from Nutritional Blochemicals, division of ICN Life Sciences Group, 26201 Miles Road, Cleveland, Ohio 44128. Two approaches were used to determine the HI of feeding. First, groups of small rainbow trout and Atlantic salmon were fed all of the H-440 diet they would volun tarily consume without waste and were immediately placed into the calorimeter. The heat production was measured for 6 to 8 hours and was compared with the heat production of the same group after a 24-hour fast. In order to determine heat production due to manipulation, the fasted controls were handled in the same manner as were those fed the test materials. The second approach involved the use of rain bow trout weighing 30 to 50 g which could be force-fed. This was necessary because the fish would not consume significant quantities of the purified carbohydrates, fat, and protein materials. These fish, fasted for 24 hours, were placed in the calorimeter and their heat production was measured over a period sufficiently long to establish a base heat-production level, usually about 2 hours. The calorimeter was then opened and the fish were force-fed a measured amount of the material to be tested. Heat production was then measured until it re turned to the base level. Sham fed controls were handled in the same manner as the force fed fish including insertion of the feeding tube into the stomach. The mean base rate of heat production was subtracted from the mean elevated rate and the dif ference was multiplied by the length of the time that the elevated rate occurred to ob tain the total HI. Analysis of variance and individual degrees of freedom of samples of unequal size were used to test for sta tistical significance (19) .
RESULTS AND DISCUSSION
When the complete diet (H-440) was fed ad libitum, increased heat production occurred in both species of fish about 30 minutes after feeding and rose abruptly to a plateau between 1.5 and 3 times the fast ing level of heat production. Heat produc tion remained high for 3 to 4.75 hours and then dropped, also rather suddenly, to the fasting level (table 1) . There was no sig nificant heat production increases due to handling as evidenced by the very small heat increments observed in the sham-fed fish (table 2) . The fish were fed varying amounts of feed such that the metabolizable energy given ranged from 1.98 to 9.50 times the calculated 24-hour fasting heat production. There was no significant corre lation ( r = 0.34 ) between level fed and heat increment.
The abrupt increases and decreases in heat production after force feeding were similar to those which occurred after volun tary feeding except that the duration of the elevated rate was generally shorter when the fish were force-fed (tables 1 and 2). The shorter period of elevated heat produc tion may have been due to the smaller amount of feed, as percent of body weight, which was force-fed as compared with that consumed voluntarily.
The HI, expressed as a percentage of ME, associated with consumption of casein did not differ significantly from that ob tained with the casein-gelatin mixture. Therefore, these values were pooled to represent the HI associated with dietary protein. The HI associated with the con sumption of protein was not significantly different from that of carbohydrate, but all other differences were significant ( table 2 ) .
The results obtained in these experi ments do not agree with those reported by others. Cho et al. (6) found that HI to be 11% and 18% of the estimated ME when diets containing 40% and 60% protein, respectively, were fed to rainbow trout. Beamish (5) reported an SDA of 17% of the estimated ME when largemouth bass (Micropterus salmonidÃ©s) were fed a diet of emerald shiners ( Notrapis atherinoides ). Pierce and Wissing (7) found energy cost of food utilization to range from 4.8% to 24.4% of the energy content of the daily ration when mayfly nymphs were fed to bluegills ( Lepomis macrochirus ). Muir and Numi (4) reported an SDA of 16% and 19% of the energy content of the total ration when tuna flesh (Thunnus thynnus thynnus) was fed to the euryhaline fish, aholehole (Kuhlia sandvicensis). Warren and Davis ( 8 ), feeding tubificid worms, re ported that SDA accounted for more energy than did fecal losses and fasting metabolism combined; fecal loss represented 30% of the food energy consumed at 36Â°. They also reported that SDA of cichlids (Cichlasoma bimaculatum ) swimming at a fixed velocity 4 MeanÂ±SEM values not sharing a common superscript letter are significantly different at (P < 0.05).
was greatest at 36Â°and 20Â°even though fish consumed much more food at inter mediate temperatures. SDA per g of food consumed was about four times as great at 36Â°and 13 times as great at 20Â°as at 28Â°.In contrast to our methods, in all pre vious experiments, only oxygen consump tion methods were employed. All of the above workers (4-8) reported a delay in the time to reach elevated oxygen con sumption ( metabolic rate ) and an extended period of up to 72 hours, before the oxygen consumption returned to the base level. Japanese workers (20) , however, found the time of elevated metabolic rate to be 3 to 5 hours. The difference in duration of elevated metabolic rate probably can be explained by the nature of the material fed. Most previous determinations of HI were conducted with living "natural foods" or with pieces of fish flesh. The diets fed in the present studies were made from finely divided, easily digested materials fed either as a paste or in pelleted form. These diets readily disintegrated in the stomach of the fish and presented a large surface area for the action of digestive enzymes. Digestion and absorption, therefore, may have been more rapid in the present experiments than in those in which intact organisms or pieces of fish flesh were fed.
The values obtained here for HI were low for carbohydrate and fat as well as for protein. Brody ( 2 ) found the HI associated with food consumption to be highly vari able and to depend, in part, upon the man ner in which the nutrients are utilized by the animal. Protein has a lower HI when used for tissue synthesis than when used to supply energy in mammals. Furthermore, the factor for converting oxygen consump tion to heat production is not constant but depends upon the material being oxidized and on the nature of the waste products being excreted (21) .
It is difficult to account for all of the differences between the present experimen tal values and those previously reported for other fish. The present HI values are expressed as percentages of the ME fed. Others have reported energy values based upon oxygen consumption, as percent of "energy ingested" (5), "food energy" (7), "energy of the ration" (4), or "estimated ME" (6) . A major portion of the difference may be attributed to the use of inaccurate oxy-calorific coefficients (21) which have not been directly measured for fish.
The HI associated with feeding protein to fish was found to be much lower than that reported for homeothermal land ani mals. These experiments indicate that less than 5% of the ME is lost as HI in fish. This is not surprising when the differences in nitrogen waste excretion are considered. The HI of protein can be derived from three sources: (1) the cost of metabolizing the nonnitrogen part of the amino acids; the carbon and hydrogen atoms enter many of the same metabolic pathways as the atoms from carbohydrate and fat. The energy cost of this function could be ex pected to be similar to that for carbohy drate and fat metabolism. (2) The cost of synthesis of the excreted waste. (3) The energy cost of concentrating and excreting the waste products by the kidneys. Since the latter two functions either do not occur or require little energy in teleost fish, the HI associated with protein consumption can be expected to be similar to that of carbohydrate consumption.
The energy distribution of one g of pro tein catabolized for energy by ammonotelic, ureotelic and uricotelic animals is given in table 3. For comparative purposes, diges tion loss is assumed to be equal at 8% for the three types of animals. The metabolic loss reflects the differences in the heats of combustion of the excreted ammonia, urea and uric acid. The theoretical cost of urea synthesis from l g of protein is 0.505 kcal ( l g protein X 0.16 g N/g protein X 1 mole N/14 g N x 88.4 kcal/mole urea x 1 mole urea/2 mole N = 0.505 kcal ). Using similar calculations, the cost of uric acid synthesis is 0.44 kcal/g of protein. If the energy cost of metabolizing the nonnitrogen portion of the protein is considered equal in the three types of animals, the differences between the measured HI associated with dietary protein are due to the heat of synthesis of urea or uric acid plus the energy cost of concentration and excretion of these com pounds in the homeotherms. Since the HI due to synthesis of urea and uric acid are calculated to be 0.51 and 0.44, respectively, it is possible to calculate, from the present results, that portion of the HI resulting from concentration and excretion of these compounds, which amount to 0.22 and 0.29, respectively. Table 3 shows that protein has more net energy value for fish than it has for mam mals or birds. This finding helps explain the high energetic efficiency of fish com pared with other animals. It also makes necessary a re-evaluation of the protein re quirement of fish. Estimates of protein re quirements have been made by measuring growth rate while feeding graded levels of protein in diets in which the deleted pro tein was replaced by carbohydrate. These diets were considered to be isoenergetic (22) . The present results indicate that this practice removes 4.24 kcal of net energy for each g of protein removed, which in turn, is replaced by only 3.04 kcal from dextrin or from other easily digested carbohydrates. (Smith (18) found that the ME value of dextrin was 3.2 kcal ME/g when fed to rainbow trout at 15Â°. Deduct ing a HI of 5% of the ME leaves 3.04 kcal/g as the net energy value.) At the lower levels of dietary protein used in the experiments, energy may have been limit ing, thus resulting in estimates of protein requirements that were too high. Some comparative energy costs of animal protein production are given in table 4. These include the energy costs of all phases of production, including the cost of repro duction and mortality. It is apparent that fish are among the most efficient of all ani mals in converting feed energy into high quality protein.
Several factors contribute to the high energetic efficiency of trout. Among these are ( a ) the low basal energy needs of trout which may be due largely to the fact that fish do not need to expend energy to main tain a body temperature, (b ) a low energy cost of locomotion and voluntary activity. Fish have no need for large antigravitation muscles in their aquatic environment. A streamlined fish moving through water represents one of nature's most efficient modes of locomotion (23), (c) the low energy cost of reproduction in fish. A trout or salmon weighing 1 to 2 kg can produce 3,000 to 6,000 offspring annually. Relatively little energy is expended other than that involved in producing the eggs, (d) the efficient mechanism possessed by fish for protein catabolism and for excretion of waste nitrogen. Ammonia is the principal end product of protein catabolism, as con trasted with urea and uric acid in terrestrial homeotherms. Fish excrete this nitroge nous metabolic waste product principally through the gills (11) , and, therefore, ex pend little energy in the concentration and excretion processes.
Thus, fish not only possess lower energy requirements for maintenance and activity, but also utilize protein as a source of energy in a more efficient manner than do terres trial homeotherms. LITERATURE CITED 1. Harris, L. E. (1966) 
